Introduction
Transcription factors play a major role in hematopoietic lineage determination and differentiation. 1, 2 The ETS family transcription factor PU.1 (Spi-1) is one of the most important regulators of hematopoietic lineage development. PU.1 is highly expressed in B and myelomonocytic cells, 3 and in their precursors such as pro-B cells and granulocyte/monocyte progenitors (GMPs). 4 More immature hematopoietic precursors including hematopoietic stem cells (HSCs), common myeloid progenitors (CMPs), and common lymphoid progenitors (CLPs) also express PU.1 at a low level. 4 These precursor populations "promiscuously" express other critical transcription factors including megakaryocyte/erythroid (MegE)-related GATA-1 and GATA-2, and granulocyte-related CCAAT enhancer-binding protein ␣ (C/EBP␣). 5, 6 PU.1 expression at these early hematopoietic stages may be due to "lineage priming," 7 which presumably represents a selective open chromatin form characteristic of early oligopotent stages. 5, 6 In fact, we have reported that some myeloid genes including lysozyme M were expressed in functional HSCs with long-term reconstitution potential. 8 Therefore, at these stages, it has been hypothesized that the low levels of PU.1 transcripts are "sterile," which may not have significant development-related functions, but may facilitate immediate lineage-specific transcription following internal or external lineage instructive cues.
PU.1 can activate the expression of myeloid cytokine receptors such as the granulocyte/macrophage colony-stimulating factor receptor ␣ (GM-CSFR␣), macrophage CSF receptor (M-CSFR), and granulocyte CSF receptor (G-CSFR), [9] [10] [11] as well as the lymphoid-specific interleukin-7 receptor ␣ (IL-7R␣), 12 whose signals usually provide permissive but not instructive effect for lympho-myeloid lineage commitment. [13] [14] [15] [16] [17] Nonetheless, PU.1 can play an instructive role in hematopoietic lineage decisions. Enforced PU.1 in a multipotent myeloid cell line induced macrophage differentiation. 18 In primary fetal liver progenitors, the introduction of PU.1 at a high level induced macrophage differentiation, whereas a low level of PU.1 induced B-cell differentiation. 19 This process could be modulated by other transcription factors. GATA-1 can inhibit PU.1 function, [20] [21] [22] while PU.1 blocks binding of GATA-1 to DNA. 23 PU.1 also can negatively regulate the expression of GATA-2, which is important for MegE as well as mast cell development. 24 Therefore, the quantity and progenitor-specific expression of PU.1 should be critical for its functions in lineage determination.
In turn, the loss of PU.1 function severely impairs hematopoietic development. In humans, loss-of-function mutations in the PU.1 gene have been found in acute myelogenous leukemia (AML), 25 which is characterized by maturation arrest of myeloblasts. In mice, complete disruption of PU.1 resulted in embryonic and/or newborn lethality. 26, 27 In PU.1 knock-out mice, the most profound deficit was in development of neutrophils/monocytes and B cells reflecting the physiologic expression patterns of PU.1. Of interest, T-and natural killer (NK) cell development was also severely impaired in PU.1 knock-out mice, 28, 29 but MegE development was intact. 26, 27 PU.1-deficient fetal liver cells failed to contribute to myeloid and lymphoid development when transplanted into lethally irradiated hosts, 30 presumably due to their impaired ability to home to and colonize the bone marrow, 31 but this phenomenon raised a possibility that PU.1 plays a critical role in maintenance of HSCs. A recent report showed that PU.1 Ϫ/Ϫ fetal liver HSCs lacked Thy-1.1 expression, which is a marker of long-term HSCs in C57B6-Thy1.1 mice. 32 While such studies were highly informative, the role of PU.1 in each stage of hematopoiesis cannot be directly addressed by this system since PU.1 expression is initiated as early as the extraembryonic hematopoietic stage at the aorta-gonad-mesonephros (AGM) region, 33 and the loss of PU.1 might affect all subsequent hematopoietic development in PU.1-deficient mice. 30 Here, we used a conditional knock-out system 34 targeting the PU.1 locus, in which the expression of Cre can excise the PU.1 allele flanked (floxed) by loxP sites. By using a multicolor fluorescence cell sorting (FACS) system, we purified and analyzed HSCs as well as lineage-restricted progenitors including CLPs, 35, 36 CMPs, GMPs, and megakaryocyte/erythrocyte progenitors (MEPs) 4, 37 in order to locate the stage-specific effect of PU.1 disruption in bone marrow hematopoiesis. We found that in vivo disruption of PU.1 in bone marrow HSCs resulted in functional impairment in their ability to compete with wild-type HSCs as well as to develop CMPs and CLPs. The expression of PU.1 at the HSC stage, therefore, does not merely represent "lineage priming" but it is essential to maintain intrinsic functional properties of HSCs. Furthermore, disruption of PU.1 at the level of myeloid progenitors also inhibited their maturation. Our data show that PU.1 supports hematopoiesis through multiple stage-specific functions.
Materials and methods

Mice
Mx1-Cre transgenic mice and CD19-Cre knock-in mice were kindly provided by Klaus Rajewsky. Mx1-Cre mice were bred with PU.1 F/F mice to obtain Mx1-Cre ϫ PU.1 F/F mice. Mx1-Cre ϫ PU.1 F/F mice were further bred with PU.1 Ϫ/ϩ mice to obtain Mx1-Cre ϫ PU.1 Ϫ/F mice. Recombination was induced in newborn mice by single intraperitoneal injection of poly-inosinic-polycytidylic acid (pI-pC, 125 g) 1 to 2 days after birth. In some experiments, PU.1 F/F mice were bred to CD19-Cre mice in order to specifically delete the PU.1 gene in early B cells. PU.1 GFP/ϩ mice were generated as described previously. 38 All of these mouse strains used were crossed into C57B6 mice for at least 7 generations. Mice were bred and maintained in the Research Animal Facility at Dana-Farber Cancer Institute in accordance with the guidelines. ES clone into C57/B6 blastocysts generated chimeras that transmitted the mutation to the germ line. Breeding heterozygous mice generated PU.1 F/F homozygous mice that were born at the expected mendelian ratio.
Generation of
Genotyping and assessment of recombination was performed by Southern blot analysis of tail snip DNA (10 g) digested with BamHI and SpeI, hybridizing to a probe containing the 1.3-kb BamHI/EcoRI fragment derived from the 3Ј region of the PU.1 gene (Figure 3) 
Antibodies, cell staining, and cell sorting
To sort HSCs and myeloid progenitors, E14.5 fetal liver or adult bone marrow cells were stained with fluorescein isothiocyanate (FITC)-conjugated anti-CD34 (RAM34), phycoerythrin (PE)-conjugated anti-Fc␥ receptor II/III (Fc␥RII/III, 2.4G2), allophycocyanin (APC)-conjugated anti-c-Kit (2B8), and biotinylated anti-stem cell antigen 1 (Sca-1, E13-161-7) monoclonal antibodies (all from Pharmingen, San Diego, CA); PE-cyanin 5 (Cy5)-conjugated anti-IL-7R␣ chain monoclonal antibodies (A7R34; eBioscience, San Diego, CA); and PE-Cy5-conjugated rat antibodies, specific for the following lineage markers: CD3 (CT-CD3), CD4 (RM4-5), CD8 (5H10), B220 (6B2), Gr-1 (8C5), and CD19 (6D5; all from Caltag, Burlingame, CA), followed by avidin-APC-Cy7 (Caltag). Fetal liver and bone marrow HSCs were sorted as IL-7R␣ Ϫ Lin Ϫ Sca-1 ϩ cKit ϩ CD34 ϩ and IL-7R␣ Ϫ Lin Ϫ Sca-1 ϩ c-Kit ϩ CD34 Ϫ/lo populations, respectively. To sort side population (SP) cells, adult bone marrow cells were incubated with Hoechst 33342 (Molecular Probes, Eugene, OR) before antibody staining as reported. 39 Myeloid progenitors were sorted as (GMPs) , and IL-7R␣ Ϫ Lin Ϫ Sca-1 Ϫ cKit ϩ CD34 Ϫ Fc␥RII/III lo (MEPs) as described previously. 4, 37 Sorting of CLPs was accomplished by staining E14.5 fetal liver or bone marrow cells with biotinylated anti-IL-7R␣ chain (A7R34; eBioscience), FITCconjugated anti-Sca-1 (E13-161-7), APC-conjugated anti-c-Kit (2B8; both from Pharmingen), and PE-Cy5-conjugated lineage antibodies (Caltag), followed by avidin-PE (Caltag). CLPs were sorted as IL-7R␣ ϩ Lin Ϫ Sca-1 lo cKit lo population. 35, 36 Stem and progenitor cells were double-sorted using a highly modified double laser (488 nm/350 nm Enterprise II ϩ 647 nm Spectrum) high-speed FACS (Moflo-MLS; Cytomation, Fort Collins, CO). For all analyses and sorts, dead cells were excluded by propidium iodide staining. For single-cell assays, cells were directly sorted into 60-well Terasaki plates or 96-well plates by using an automatic cell deposition unit (ACDU) system. Data were analyzed with FlowJo software (Treestar, San Carlos, CA).
Cell cultures
For clonogenic assays, single stem and progenitor cells were sorted into 96-well plates containing methylcellulose medium (Methocult H4100; Stem Cell Technologies, Vancouver, BC) supplemented with 30% fetal calf serum (FCS), 1% bovine serum albumin, and 2 mM L-glutamine (Stem Cell Technologies) by using an ACDU system. Cytokines such as murine stem cell factor (SCF, 20 ng/mL), IL-3 (20 ng/mL), GM-CSF (10 ng/mL), G-CSF (10 ng/mL), erythropoietin (Epo, 2 unit/mL), and thrombopoietin (Tpo, 10 ng/mL; all from R&D Systems, Minneapolis, MN) were added at the initiation of cultures. Colonies were enumerated under an inverted microscope consecutively from days 4 to 7. Colony-forming unit (CFU)-mix, including CFU-granulocyte erythroid macrophage megakaryocyte (GEMMeg), CFU-granulocyte erythroid macrophage (GEM), and CFU-BLOOD, 1 SEPTEMBER 2005 ⅐ VOLUME 106, NUMBER 5 For personal use only. on October 3, 2017. by guest www.bloodjournal.org From granulocyte erythroid megakaryocyte (GEMeg), was determined by MayGiemsa staining of cells plucked as individual colonies using fine-drawn Pasteur pipettes. All cultures were incubated at 37°C in a humidified chamber under 5% CO 2 .
Bone marrow reconstitution assay
Ly5.1 congenic C57/B6 mice at 6 to 8 weeks of age (Jackson Laboratory, Bar Harbor, ME) were ␥-irradiated with a single lethal dose of 950 cGy and were used as recipients. One-thousand fetal liver HSCs from E14.5 PU.1 Ϫ/Ϫ embryos (Ly5.2 C57/B6) were injected intravenously into each irradiated recipient mouse together with 2 ϫ 10 5 Ly5.1 adult bone marrow cells. As controls, 100 fetal liver HSCs from PU.1 Ϫ/ϩ littermates (Ly5.2 C57/B6) were also transplanted into each irradiated recipient together with 2 ϫ 10 5 Ly5.1 adult bone marrow cells. Mice that underwent transplantation were kept in sterilized cages with drinking water containing antibiotics. To analyze chimerism in reconstituted mice, bone marrow cells were stained with FITC-conjugated anti-CD45.2 (Ly5.2), biotinylated anti-CD45.1 (Ly5.1), PE-conjugated anti-Sca-1 (E13-161-7), and APC-conjugated antic-Kit (2B8) (Pharmingen), followed by avidin-APC-Cy7 (Caltag).
Single PU.1-GFP ϩ CD34 Ϫ HSC (Ly5.2 C57/B6) was also transplanted into each irradiated recipient mouse together with 2 ϫ 10 5 Ly5.1 adult bone marrow cells. The chimerism in reconstituted mice was analyzed by staining blood cells with FITC-conjugated anti-CD45.2 (Ly5.2), PE-conjugated antiGr-1, APC-conjugated anti-CD3, and APC-Cy7-conjugated anti-B220.
Conditional PU.1 disruption in purified stem and progenitor cells
A Cre cDNA was subcloned into the EcoRI site of MSCV-ires-EGFP vector. The virus supernatant was obtained from the cultures of 293T cells cotransfected with the target retrovirus vector, gag-pol-and vesicular stomatitis virus G (VSV-G)-expression plasmids using a standard CaPO 4 coprecipitation method. CMPs and GMPs purified from PU.1 F/F mice were cultured for 48 hours onto a recombinant fibronectin fragment-coated culture dish (RetroNectin dish; Takara, Tokyo, Japan) with 1 mL of the virus supernatant containing SCF (20 ng/mL) and IL-11 (10 ng/mL). At the completion of transduction, cells positive for green fluorescent protein (GFP) were purified by FACS and subjected to further analyses. The excision of loxP alleles was assessed by genomic polymerase chain reaction (PCR) assay (Table S1; see the Supplemental Table link at the top of the online article, at the Blood website).
Analysis of gene expression from total RNA
Total RNA extracted from 100 cells ( Figure 5B ) or 2000 cells (Figures 6B, 7E) for each population was subjected to reverse-transcriptase (RT)-PCR analyses as described previously. 40 Primer sequences and PCR protocols for each specific gene are shown in Table S1 . A quantitative real-time PCR assay for IL-7R␣ was performed with ABI PRISM 7700 Sequence Detector (Applied Biosystems, Foster City, CA). The forward primer was 5Ј-AAGTTTTCTGCCCAATGATCTTCC-3Ј, the reverse primer was 5Ј-CTCAGGCGAGCGGTTTGC-3Ј, and the probe was 5Ј-FAM-AGCG-GCTCTGTGTCCCTGTGTCTCC-TAMRA-3Ј. Rodent glyceraldehyde phosphate dehydrogenase (GAPDH) control reagents (Applied Biosystems) were used as an internal control.
Immunoglobulin heavy chain (IgH) gene rearrangement analysis
Genomic DNA was extracted from 4000 double-sorted CD19 ϩ IgM ϩ cells by incubation at 56°C for 45 minutes in 50 L 1 ϫ PCR buffer containing 0.5% Tween 20 and 100 g/mL proteinase K, followed by 10 minutes at 94°C to inactivate proteinase K. PCR primers specific for D H Q52 element were used to amplify rearranged IgH D-J as described previously. 41 Primer sequences are provided in Table S1 . PCR products were separated on a 1.5% agarose gel.
Proliferation assays
Splenic CD19 ϩ B cells (4 ϫ 10 5 ) purified from PU.1 F/F ϫ CD19 Cre/ϩ or control PU.1 F/F mice were cultured for 48 hours in 96-well flat-bottom plates in quadruplicate in the presence of anti-IgM antibodies (50 g/mL) (Jackson ImmunoResearch Laboratories, West Grove, PA), lipopolysaccharide (LPS, 25 mg/mL; Sigma, St Louis, MO), and phorbol myristate acetate (PMA, 300 ng/mL; Sigma) ϩ ionomycin (600 ng/mL; Calbiochem, San Diego, CA). Cell proliferation was measured by the methyl-thiazol tetrazolium (MTT) cell proliferation assay. 42 
Imaging
Cytologic images were captured on a Nikon Eclipse E400 microscope ( 
Results
PU.1-deficient fetal liver hematopoiesis displays a maturation arrest at the transition from the HSC to CLP and CMP stages
A strain of PU.1 Ϫ/ϩ mice consisting of one wild-type allele and one PU.1 knock-out allele was established by expressing Cre in a PU.1 F/ϩ ES clone. We then bred PU.1 Ϫ/ϩ mice to obtain PU.1 Ϫ/Ϫ embryos. In order to precisely define the stage at which myeloid maturation is blocked in PU.1-deficient fetal liver hematopoiesis, we first performed multicolor FACS analyses. On embryonic day 14.5 (E14.5), the number of fetal liver Lin Ϫ Sca-1 ϩ c-Kit ϩ HSCs was decreased up to 10-fold in PU.1 Ϫ/Ϫ embryos compared with that in PU.1 ϩ/ϩ embryos (Table 1) . These HSCs expressed a normal Figure 1B ; Table 1 ). These data are consistent with the predominance of erythroid progenitors and absence of myeloid cells in PU.1 Ϫ/Ϫ fetal liver as assessed by morphology (Figure 2A ). In PU.1 Ϫ/ϩ fetal liver, the numbers of HSC, CMP, GMP, and CLP populations decreased but were still present, suggesting that the PU.1 effect is dose dependent.
To verify these phenotypic definitions of myelo-erythroid progenitors, we tested the colony-forming activity of single HSCs and MEPs purified from PU.1 ϩ/ϩ or PU.1 Ϫ/Ϫ fetal liver. As shown in Figure 2B , purified PU.1 ϩ/ϩ and PU.1 Ϫ/Ϫ MEPs both exclusively gave rise to MegE-related colonies, and therefore were functionally equivalent. PU.1 ϩ/ϩ HSCs gave rise to various types of myelo-erythroid colonies, half of which were mixed colonies that contain all myelo-erythroid components. 37 In contrast, PU.1 Ϫ/Ϫ HSCs dominantly gave rise to immature mixed colonies that did not contain mature neutrophils or macrophages. In these colonies, undifferentiated myeloblasts were predominant in addition to normal MegE cells (not shown), indicating that PU.1 Ϫ/Ϫ HSCs were at least multipotent for myelo-erythroid lineages. These data collectively suggest that HSCs are present in PU.1 Ϫ/Ϫ fetal liver, but they are unable to differentiate into CMPs or CLPs in vivo.
PU.1 ؊/؊ fetal liver HSCs can home to the bone marrow but have a defect in long-term reconstitution of adult bone marrow
It was reported that E14.5 PU.1 Ϫ/Ϫ hematopoietic cells enriched for progenitors (AA4.1 ϩ ) were defective in their ability to contribute to long-term reconstitution of congenic recipient mice in competitive repopulation assays. 30, 32 In addition, these PU.1 Ϫ/Ϫ progenitors were impaired in their ability to home to and colonize the bone marrow. 31 We wished to extend these studies by assessing the function of purified HSCs from PU.1 Ϫ/Ϫ fetal livers. Lin Ϫ Sca-1 ϩ cKit ϩ CD34 ϩ HSCs (10 3 ) purified from PU.1 Ϫ/Ϫ fetal livers (C57B6-Ly5.2) ( Figure 1A ) were injected into lethally irradiated congenic C57B6-Ly5.1 recipients along with 2 ϫ 10 5 Ly5.1 bone marrow cells. Consistent with the previous report, 31 we could not detect Ly5.2 ϩ cells in peripheral blood after transplantation (not shown), indicating that PU.1 Ϫ/Ϫ HSCs cannot contribute to peripheral white blood cell reconstitution in the recipient mice. Of note is that erythrocytes and platelets, the progeny of MEPs, do not express Ly markers, and therefore this analysis cannot assess their contribution to the peripheral blood. We killed recipient animals 3 months after transplantation. As shown in Figure 2C , a small fraction (0.02%-0.05%) of Lin Ϫ bone marrow cells were derived from the Ly5.2 ϩ PU.1 Ϫ/Ϫ donor HSCs in all 5 mice analyzed. In contrast, all control animals receiving 100 PU.1 Ϫ/ϩ fetal liver HSCs reconstituted more than 80% of bone marrow cells. Almost 40% of the Ly5.2 ϩ PU.1 Ϫ/Ϫ cells displayed the Lin Ϫ Sca-1 ϩ c-Kit ϩ HSC phenotype. These secondary PU.1 Ϫ/Ϫ HSCs were capable of forming Ly5.2 ϩ mixed and MegE-related colonies in vitro ( Figure 2D-E) . PU.1 Ϫ/Ϫ donor-derived HSCs disappeared 6 months after transplantation in all 6 mice analyzed (not shown). These data suggest that at least a fraction of fetal liver PU.1 Ϫ/Ϫ HSCs can home to the bone marrow of lethally irradiated recipient mice, but cannot maintain the HSC pool or contribute to blood myelopoiesis or lymphopoiesis. 
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Bone marrow HSCs conditionally disrupted with PU.1 in situ also exhibit an arrest at the transition from the HSC to CLP and CMP stages, and are outcompeted by normal HSCs Studies of PU.1 Ϫ/Ϫ fetal liver cells strongly suggest that PU.1 plays a role in both maintenance as well as differentiation of HSCs. The loss of PU.1 in knock-out animals, however, may affect embryonic HSC development, which itself may result in the loss of their long-term reconstitution activity. Therefore, to further evaluate the requirement of PU.1 at the HSC stage by a conditional PU.1 knock-out model, we generated a mouse harboring Cre recombinase recognition sites ("loxP" sites) flanking exons 4 and 5 of the murine PU.1 gene ( Figure 3A) .
We crossed mice harboring loxP-flanked PU.1 alleles (PU.1 F/F ) with a Mx1-Cre transgenic mouse strain, in which a high level of Cre recombinase is produced by treatment with the interferon inducer pI-pC, leading to recombination in the bone marrow at every stage of maturation. 43, 44 Mx1-Cre ϫ PU.1 F/F mice were injected intraperitoneally with pI-pC within 2 days after birth. As shown in Figure 3B , the efficiency of PU.1 gene excision was higher than 95% in the bone marrow and spleen 2 weeks after pI-pC injection. We shall refer to pI-pC-treated Mx1-Cre ϫ PU.1 F/F and Mx1-Cre ϫ PU.1 Ϫ/F mice as PU.1 ⌬/⌬ and PU.1 Ϫ/⌬ , respectively, for the sake of brevity with the realization that a small fraction (Ͻ 5%) of hematopoietic cells have likely not excised the loxP allele.
In the absence of a Mx1-Cre transgene, we did not observe a significant difference in numbers of HSCs, progenitors, or mature myeloid cells among PU.1 ϩ/ϩ , PU.1 Ϫ/F , and PU.1 F/F mice after pI-pC injection at the time points analyzed (2 weeks and later) ( Table 1 and data not shown). In contrast, in PU.1 ⌬/⌬ or PU.1 Ϫ/⌬ mice, profound effects were detected in the bone marrow 2 to 4 weeks after pI-pC injection (Table 1; Figure 4 ). At these time points, numbers of HSCs were somewhat decreased. Strikingly, there was a significant loss of CMPs and GMPs as well as mature myeloid cells in PU.1 ⌬/⌬ and PU.1 Ϫ/⌬ mice, whereas MEPs were increased ( Figure 4A ). Gr-1 ϩ CD11b ϩ mature granulocytes disappeared, and a small number of Gr-1 ϩ CD11b Ϫ immature myeloid For personal use only. on October 3, 2017. by guest www.bloodjournal.org From cells were seen ( Figure 4A ). Furthermore, Lin Ϫ IL-7R␣ ϩ cells were easily detectable in PU.1 ⌬/⌬ and PU.1 Ϫ/⌬ mice, but did not contain Sca-1 lo c-Kit lo CLPs ( Figure 4B ). In the bone marrow of PU.1 ⌬/⌬ mice, erythropoiesis did not appear to be affected ( Figure 3C) . Thus, the block in differentiation following disruption of PU.1 in the bone marrow is quite similar to that observed in PU.1 Ϫ/Ϫ fetal liver. However, by 6 weeks, the numbers of CLPs, CMPs, and GMPs as well as Gr-1 ϩ CD11b ϩ mature granulocytes in PU.1 ⌬/⌬ or PU.1 Ϫ/⌬ mice began to recover (Table 1; Figure 4C-D) , and at this point the majority of hematopoietic cells in the bone marrow or the spleen possessed the intact PU.1 F alleles (data not shown). After this point, PU.1 ⌬/⌬ mice never became neutropenic or leukemic during a one-year observation period. In summary, in PU.1 ⌬/⌬ mice, PU.1 Ϫ/Ϫ bone marrow HSCs cannot maintain hematopoiesis, and it is likely that a small fraction of HSCs that did not excise the PU.1 F alleles progressively overgrew PU.1 Ϫ/Ϫ HSCs, resulting in repopulation with a hematopoietic picture resembling PU.1 F/F or PU.1 ϩ/ϩ adult mice.
Long-term HSCs express PU.1 at the single-cell level
We tested whether HSCs capable of self-renewal express PU.1 to maintain their population. The Lin Ϫ Sca-1 ϩ c-Kit ϩ CD34 Ϫ fraction of bone marrow cells contains HSCs with long-term reconstitution activity at the single-cell level. 45 Matsuzaki et al 46 have reported that long-term reconstitution activity of Lin Ϫ Sca-1 ϩ c-Kit ϩ CD34 Ϫ cells could be further enriched in the SP 39 with a relatively strict gate. As shown in Figure 5A , Lin Ϫ Sca-1 ϩ c-Kit ϩ CD34 Ϫ bone marrow cells contained a significant fraction of SP cells. Purified Lin Ϫ Sca-1 ϩ c-Kit ϩ SP cells expressed PU.1 mRNA irrespective of the CD34 expression ( Figure 5B ). We further tested the regulation of PU.1 expression in HSCs by using PU.1-GFP mice, in which a GFP gene is knocked into the PU.1 locus. 38 The vast majority of Lin Ϫ Sca-1 ϩ c-Kit ϩ and Lin Ϫ Sca-1 ϩ c-Kit ϩ SP HSCs in PU.1 GFP/ϩ mice possessed GFP irrespective of CD34 expression, and GFP levels progressively increased as they stepped forward into the CMP and GMP stages ( Figure 5C ). CLPs also expressed PU.1 at the level similar to CMPs (not shown). We then transplanted single Lin Ϫ Sca-1 ϩ c-Kit ϩ CD34 Ϫ PU.1-GFP ϩ cells into congenic hosts (C57B6-Ly5.1). More than 30% of mice that received transplants of single Lin Ϫ Sca-1 ϩ c-Kit ϩ CD34 Ϫ PU.1-GFP ϩ cells displayed multilineage reconstitution, where the donor-derived hematopoiesis has been maintained for more than 13 weeks ( Figure 5D ). These data indicate that PU.1 is expressed in the majority of HSCs capable of self-renewal.
Disruption of PU.1 in committed myeloid progenitors (CMPs or GMPs) blocks their myelomonocytic differentiation
In order to test the requirement of PU.1 after completion of myeloid commitment, we transduced the Cre gene directly into purified PU.1 F/F CMPs and GMPs via GFP-tagged retroviral vectors. For personal use only. on October 3, 2017. by guest www.bloodjournal.org From Forty-eight hours after initiation of retroviral transduction, we purified GFP ϩ CMPs or GMPs to use in the following assays. As shown in Figure 6A , the PU.1 allele flanked by loxP sites was undetectable in PU.1 F/F GMPs transduced with the Cre gene, indicating nearly complete excision of both PU.1 F alleles. PU.1 ⌬/⌬ (Cre-transduced) CMPs expressed normal levels of myeloid cytokine receptors including G-CSFR, IL-3R␣, and ␤c. The expression of GM-CSFR␣ mRNA was slightly reduced in PU.1 ⌬/⌬ CMPs compared with PU.1 F/F CMPs ( Figure 6B ). In the presence of a panel of cytokines, PU.1 ⌬/⌬ CMPs and GMPs formed colonies as efficiently as their controls ( Figure 6C) . However, PU.1 ⌬/⌬ GMPs gave rise to colonies composed only of myeloblasts. These myeloblasts did not express CD11b (Mac-1) (Figure 6D ). PU.1 ⌬/⌬ CMPs gave rise to MegE colonies as well as myeloblast colonies that appeared to replace GM-related colonies formed in the culture of normal CMPs ( Figure 6C ). Sizes of day-7 myeloblast colonies were comparable with control GM colonies (not shown). Thus, PU.1 supports myelomonocytic maturation even after cells have committed to the GM lineage but appears not to be required for proliferation or survival of GM progenitors in the presence of cytokines.
Disruption of PU.1 in committed lymphoid progenitors (CLPs) did not block B-cell maturation
We tested the effect of PU.1 disruption after the completion of lymphoid commitment. Purified PU. Figure 7F ). We purified CD19 ϩ PU.1 ⌬/⌬ B cells from the spleen and tested their proliferation activity in response to a variety of mitogenic agents including anti-IgM antibodies, LPS, and PMA plus ionomycin (PϩI). As shown in Figure 7F , CD19 ϩ PU.1 ⌬/⌬ B cells displayed significant proliferation in response to each type of stimulation. These data collectively suggest that PU.1 is not necessary for the functional B-cell maturation from CLPs.
Discussion
Transcription factors have been shown to play key roles in activation and maintenance of commitment and maturation programs in hematopoietic development. 48, 49 HSCs have been shown to "promiscuously" express multiple myeloid genes, 5, 6 including PU.1, and these transcripts at low levels have been considered to be "sterile." In this paper, we show that PU.1 is expressed in functional HSCs at the single-cell level, and that the constitutive expression of PU.1 is necessary for maintenance of the fetal liver and the bone marrow HSC pool. PU.1 was also essential in myeloid but not B-cell maturation.
PU.1 is essential in competitive self-renewal of HSCs
It has been reported that PU.1 Ϫ/Ϫ fetal liver cells could not seed the bone marrow at a detectable level, 26 likely due to lack of cell migrationrelated integrins. 31 By injecting a high dose of purified PU.1 Ϫ/Ϫ fetal liver HSCs, we showed that they could home to and colonize the bone marrow at least for 3 months ( Figure 2C ), but PU.1 Ϫ/Ϫ hematopoiesis disappeared by 6 months after transplantation. Similarly, bone marrow PU.1 ⌬/⌬ HSCs were defective in function and could not compete efficiently with the remaining HSCs still expressing PU.1, such that within 6 to 8 weeks most of the hematopoietic function in PU.1 ⌬/⌬ mice arose from normal HSCs. It is important to note that PU.1 F/F long-term HSCs in the bone marrow likely excised PU.1 in situ at their own bone marrow niches. Lin Ϫ Sca-1 ϩ c-Kit ϩ SP cells that are considered to attach to the bone marrow niche 50 activated the knock-in GFP reporter for PU.1 and expressed PU.1 mRNA (Figure 5B-C) . In addition, a vast majority of Lin Ϫ Sca-1 ϩ c-Kit ϩ HSCs expressed PU.1-GFP, and purified Lin Ϫ Sca-1 ϩ c-Kit ϩ CD34 Ϫ PU.1-GFP ϩ HSCs displayed long-term reconstitution at the single-cell level ( Figure  5D ). Thus, the constitutive expression of PU.1 might be necessary to maintain the HSC pool, and the loss of reconstitution potential in PU.1-deficient HSCs should not depend only on their impaired homing activity to bone marrow niches.
Our data show that PU.1 plays an essential role in self-renewal of HSCs (and PU.1 transcripts in HSCs 5 are not sterile) and therefore does not merely represent "lineage priming." 5, 6 In turn, the "myeloid priming" in HSCs may be partly due to the PU.1 expression, since PU.1 can activate a variety of myeloid gene transcripts. For example, we have reported that lysozyme M is For personal use only. on October 3, 2017. by guest www.bloodjournal.org From transcribed in HSCs with long-term reconstitution potential, 8 while lysozyme M itself is not required for hematopoiesis. 51 Since PU.1 can activate the transcription of multiple myeloid genes including lysozyme M, 52 the "sterile" expression of lysozyme M in HSCs may result simply from PU.1 expression primarily used to maintain the HSC pool. The critical mechanism for impairment of competitive self-renewal in PU.1-deficient HSCs should be clarified by future studies.
PU.1 is required for development of CMPs as well as for maturation of myelomonocytic cells
PU.1 deficiency at the level of HSCs resulted in the disappearance of CMPs and GMPs in both fetal liver and bone marrow hematopoiesis. PU.1 is required even after the completion of commitment into the GM lineage; depletion of PU.1 at the CMP/GMP stage profoundly blocked their myelomonocytic maturation. In contrast, we have found that conditional disruption of C/EBP␣ in HSCs eliminated only GMPs, and if disrupted at the GMP stage, C/EBP␣ ⌬/⌬ GMPs normally generated mature granulocytes and monocytes. 53 It is again of interest that these 2 major myeloid transcription factors play critical roles in different stages of myeloid development. The difference of critical checkpoints of PU.1 and C/EBP␣ should be taken into account in analyzing the pathogenesis of AML, since loss-of-function mutations of PU.1 or C/EBP␣ have been found in human AML. 25, 54 Although PU.1 is known to activate the expression of myeloid cytokine receptors, these cytokine signals are not necessary for their development. 17,55-57 PU.1 Ϫ/Ϫ fetal liver cells can respond to IL-3 or G-CSF to proliferate. 11, 58 Consistent with this report, PU.1-deficient CMPs/GMPs expressed IL-3R␣ and G-CSFR, and could proliferate in response to these cytokines, resulting in the formation of colonies consisting of Gr-1 ϩ CD11b Ϫ immature myeloid cells in vitro ( Figure  6D ). In addition, Gr-1 ϩ CD11b Ϫ immature myeloid cells transiently appeared in the bone marrow 3 weeks after the conditional PU.1 disruption ( Figure 4A) . Therefore, PU.1 is required to operate the myelomonocytic maturation program but not for cell survival or proliferation. These data suggest that PU.1 mutations in AML patients 25 may contribute to leukemogenesis through inhibiting myelomonocytic maturation of leukemic cells without disturbing proliferation and survival of myeloblasts.
Recent studies have demonstrated that the loss of MegE potential could occur earlier than that of GM potential during lymphoid commitment from HSCs, suggesting the existence of an alternative pathway for MEP development directly from HSCs. 59, 60 Interestingly, the number of MEPs increased in PU.1-deficient mice, suggesting that MEPs can develop by passing the CMP stage. It is possible that in PU.1-deficient hematopoiesis, the pathway for MEP development from HSCs skews toward this direct route. It is also important to note that each lineage-restricted progenitor population exists as a result of commitment in the bone marrow, and therefore, these populations may not necessarily pass through each defined stage according to their hierarchy. 61 For example, HSCs do not always give rise to multilineage colonies, while a significant fraction of HSCs can form simple MegE colonies that do not contain GM cells in vitro, indicating that molecular events involved in the CMP stage are not required for their MegE differentiation. The efficiency of production of MEPs could be enhanced by the absence of PU.1, since PU.1 is known to inhibit function of GATA-1, 20-23 which is both a permissive and instructive factor for the MegE lineage development. 40 PU.1 is necessary for development of CLPs, but not for B-cell maturation PU.1 disruption also induced a profound decrease of CLPs in both fetal liver and bone marrow hematopoiesis. Although IL-7R␣ expression was severely impaired in PU.1 Ϫ/Ϫ embryos of another PU.1 Ϫ/Ϫ strain, 62 our data show that IL-7R␣ expression was not absolutely dependent upon PU.1 because Lin Ϫ cells possessing IL-7R␣ protein were present equally in PU.1-deficient fetal liver and bone marrow hematopoiesis (Figures 1,4) . The expression of IL-7R␣ was also normal in mice carrying hypomorphic PU.1 alleles, which reduce PU.1 expression to approximately 20% of wild-type levels. 63 The loss of CLPs in PU.1-deficient hematopoiesis is compatible with the fact that not only B-but also T-cell development is significantly impaired in PU.1 Ϫ/Ϫ mice, while PU.1 is required to remain suppressed during T-cell maturation. 64 In contrast to GM maturation, PU.1 is not required for B-cell maturation from CLPs. It is of interest that a single transcription factor, PU.1, can exert different functions at different hematopoietic stages. This should at least be dependent upon the pre-existing state of target cells. HSCs or progenitors at each stage possess different expression profiles of transcription factors, 64 which may cooperate with PU.1. 5 Furthermore, the expression level of PU.1 should be critical as has been reported in B versus monocytic differentiation. 19 PU.1 in the myeloid pathway is increasingly up-regulated from HSCs to GMPs, 4 as shown in Figure 5C . It is thus tempting to speculate that only a low level of PU.1 is required for HSC maintenance, but increasingly high levels of PU.1 may be needed for further myeloid differentiation. We have also found that mice carrying hypomorphic PU.1 alleles maintained normal numbers of HSCs but not CMPs or GMPs, and developed an aggressive, transplantable AML. 61 These data collectively suggest that down-regulation of PU.1 below a certain level might be required to set the path for AML through blocking myeloid differentiation.
In summary, our data show that constitutive expression of PU.1 is necessary for self-renewal of both fetal liver and bone marrow HSCs. PU.1 is also important for development of CMPs and CLPs from HSCs as well as maturation of granulocytes and monocytes after cells commit to the myelomonocytic lineage. The fact that PU.1 disruption impaired HSC maintenance but not GMP-derived immature myeloid cell proliferation suggests that mechanisms of self-renewal and proliferation could be separable in terms of PU.1 function. B-cell maturation and proliferation, however, do not require PU.1. Thus, detailed analyses of signaling pathways downstream of PU.1 in each stage will help us to understand critical codes in programs of self-renewal, differentiation, and proliferation in hematopoietic development.
Note added in proof. While this article was in press, Dakic et al 66 reported using a similar but not identical conditional PU.1 knock-out model. Deletion of the PU.1 alleles in this model resulted in a block in differentiation from the HSC to CMP and CLP stages, similar to what we describe here.
